Abstract-We report the results of a project aimed to construct a novel passive millimeter-wave spectrometer based on a Photonic Band Gap (PBG) channel-drop filter (CDF). There is a need for a compact wide-band versatile and configurable millimeter-wave spectrometer for applications in millimeterwave communications, radio astronomy, and radar receivers for remote sensing and nonproliferation. PBG CDFs allow channeling of selected frequencies from spectra into separate waveguides through a PBG structure. We have successfully designed, fabricated and tested a dielectric PBG CDF operating in a low THz frequency range at 240 GHz. This technology is expandable to frequencies up to 1 THz. We have also fabricated and tested a 3-channel device using the same technology, with the channels at around 240 GHz, 260 GHz and 280 GHz. To cover the lower frequency part of the spectrum, we have designed, fabricated and tested a metal version of the PBG CDF operating at 108 GHz. This technology is expandable to frequencies as low as 30 GHz. Design, fabrication and testing of the above filters will be presented at the conference.
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I. INTRODUCTION AND BACKGROUND
P erforming the analysis of millimeter-wave spectra is essential for a number of applications ranging from applied engineering for national security to fundamental astronomy and biology [1] [2] [3] . Expansion of an extremely crowded rf spectrum towards millimeter-waves is of critical importance to the military and civil satellite communications [4] . To date, the millimeter-wave band is essentially undeveloped, and there is an evident need for novel components to fully harness the millimeter-wave spectrum.
The photonic band gap (PBG) channel-drop filter (CDF) was first proposed by Fan et al. [5] . A CDF is a device which is capable of extracting a certain frequency from a continuous spectrum in the bus channel and passing it to the test channel. The rest of the spectrum is transmitted unaffected in the bus channel, thus making the CDF attractive for spectroscopic applications at millimeter-waves. We have conducted a project at Los Alamos National Laboratory (LANL) to adapt the concept of the PBG CDF to millimeter-wave frequencies and developed simple fabrication procedures to construct CDFs operating at frequencies from 30 GHz to 1 THz [6, 7] .
II. RESULTS
Our design of a PBG CDF is based on a square lattice of posts ( Figure 1(a) ). The posts are made of high resistivity silicon or metal. Each filter consists of two parallel photonic crystal waveguides formed by a row of missing posts. The PBG waveguides may be connected to regular metal waveguides (such as WR-8, -6 or -3), and the power will proceed from one waveguide into another with little reflection.
The PBG waveguides are connected by a pair of microcavities formed by removing several posts from the structure. Each pair of micro-cavities is designed to resonate at a certain frequency and extracts this frequency from the bus waveguide into the channel waveguide (Figure 1(c) ). The rest of the frequencies proceed in the bus waveguide unaffected ( Figure  1(b) ). Fig. 1 . Schematic of a channel-drop filter (a). Electric field energy density for non-resonant frequency (b) and for the resonant frequency (c). Power transmits into channel #2 for all frequencies except the resonant, when it transmits into channel #4 through the resonant cavities.
We have designed, fabricated and tested several samples of CDFs operating at different frequencies. The sample operating at 240 GHz was fabricated of high resistivity silicon posts sandwiched between two gold-plated silicon wafers. The details of the design, fabrication and operation of this filter were reported in [6] . The photograph of the 240 GHz device and its measured transmission characteristics are shown in Figure 2 . This design is scalable to frequencies up to 1 THz.
The 240 GHz design was not scalable to lower frequencies due to some difficulties in manufacturing [8] . Therefore, the sample operating at 108 GHz was designed with a PBG structure of metal posts. To mitigate ohmic losses in metal, the 108 GHz device was designed to operate in a higher order (dipole-like) mode. The details of the design, fabrication, operation and tuning of the 108 GHz sample were reported in [7] . The photograph of this filter and its measured transmission characteristics are shown in Figure 3 . This design is scalable to frequencies as low as 30 GHz.
978-1-4577-0509-0/11/$26.00 ©2011 IEEE Fig. 2 . Photograph of the 240 GHz CDF and its measured transmission characteristics. Fig. 3 . Photograph of the 108 GHz CDF and its measured transmission characteristics.
Next, we suggested that PBG CDFs could be arranged in series to produce a multi-channel device for spectroscopy applications. To prove the concept, a three-channel device was designed with the channel frequencies near 240 GHz, 260 GHz, and 280 GHz (Figure 4 ). The dimensions of this structure are summarized in Table I . The structure represented a square lattice of posts made of high resistivity silicon. The diameters of the posts and the spacings varied in three different sections of the filter. Three resonant pairs of microcavities were formed in each section. Each micro-cavity was formed by removing two posts from the structure and adjusting the diameters of the posts surrounding the defect. The waveguides were formed by removing rows of PBG posts. The PBG waveguides were matched and connected to regular WR-3 waveguides. Channel #1 was designed to be the input channel. The test signal from channel #1 was designed to proceed straight to channel #2 at all frequencies except for the three frequencies, which were resonant in the micro-cavities. The resonant frequencies were filtered and could be sampled in output channels #4, #5, and #6. Channel #3 was for test purposes only; no power was coupling into channel #3 at any frequency ( Figures 5 and 6) . Fig. 4 The schematic of the three-channel CDF. The fabrication procedure was similar to the one reported in [6] with some improvements. New mask designs were developed. The three-channel structure was designed with a denser array of posts than the structure of [6] . We reasoned that this reduced the likelihood of significant undercuts. Therefore the pattern of the sacrificial shielding structures was designed with smaller elements that we supposed would be easier to remove. The etching produced very small undercuts of about 2 degrees in the samples with no sacrificial structures, and less than 1.5 degrees for the designs with sacrificial structures. A microscope image of the etched sample is shown in Figure 7 . We then discovered however, that the small sacrificial elements were difficult to remove without damaging the adjacent posts, and the remnants of the sacrificial walls tended to get stuck in between the posts of the structure. The bonding step was also more complicated than in [6] , since the bigger structure required a more precise alignment procedure. #4, #5, and #6 at the frequencies close to the design frequencies. However, the posts of the third sample had to be polished down to a smaller height than the posts in previous samples in order to ensure the complete removal of the remnants of the sacrificial structures. Therefore, the excessive loss of almost lOdB was observed in transmission through the filter (S 21 ). So far, three samples were successfully bonded ( Figure 8 ) and tested (Figure 9 ). However, during the laboratory tests none of the samples performed perfectly. One sample demonstrated excessive loss due to an internal crack. The second sample could not demonstrate 100 percent transmission into the test channels due to the fragments of the sacrificial structures being stuck inside of the micro-cavities, which caused detuning. The third sample was the most successful. We observed clear transmission peaks in channels III. CONCLUSION In summary, we have successfully demonstrated the possibility of using a photonic band gap channel-drop filter at low THz frequencies. A reproducible process was developed to fabricate the PBG CDF from Si(100) wafers at the frequency of 240 GHz and above and from copper at the frequency of 100 GHz and below. Single channel devices were successfully fabricated and tested. The design and fabrication procedure for the three channel device were generally developed. However, several details of the fabrication are still to be resolved.
